Binding experiments as well as affinity labeling with an 125 I-labeled 2-(4-aminophenyl)ethylamino derivative of N-acetylchitooctaose revealed the presence of high-affinity binding sites/proteins for N-acetylchitooligosaccharide elicitor in the plasma membrane preparation from suspensioncultured carrot cells, barley cells and wheat leaves. Their binding specificity corresponded with the elicitor activity of N-acetylchitooligosaccharides and related sugars in these plant cells/tissues, and was similar to that reported for the binding site/protein previously reported for suspensioncultured rice cells. The molecular size of the binding proteins identified in carrot, barley and wheat was slightly smaller than that of rice. These plant cells were shown to respond to N-acetylchitooligosaccharides and generate reactive oxygen species, induced medium alkalinization, or previously shown to initiate lignification (wheat leaves, Barber et al. (1989) Physiol. Mol. Plant Pathol. 34: 3). No elicitorbinding protein nor the elicitor-induced cellular responses was detected for a cell line of tobacco BY-2 (BY-2T). On the other hand, another cell line of tobacco BY-2 (BY-2N) showed the presence of elicitor-binding protein and also elicitor-induced medium alkalinization. Thus, there was a good correlation between the existence of high-affinity binding proteins for the elicitor and elicitor-induced cellular responses among tested plant cells. These results indicated the wide distribution of N-acetylchitooligosaccharide elicitor-binding protein among various plants and added further support for the function of these plasma membrane proteins in the perception of the elicitor signal.
Introduction
Higher plants have the ability to initiate various defense reactions such as the production of phytoalexins, antimicrobial proteins, reactive oxygen species, and reinforcement of cell walls when they are infected by pathogens such as fungi, bacteria and viruses.
It is believed the detection of (potential) pathogens is mediated by chemical substances (elicitors) secreted/derived from these organisms (Boller 1995 , Ebel and Cosio 1994 , Hahn 1996 , Ito and Shibuya 2000 . Well-known elicitors include oligosaccharides from fungal cell walls, proteins, glycoproteins, glycopeptides and lipids from various microorganisms. Some of the elicitors can initiate these responses at low concentration ranges (e.g. sub-nM) and their structural requirements for elicitor activity are very strict, indicating the presence of specific recognition systems in the host plants.
We reported that N-acetylchitooligosaccharides, fragments of chitin larger than pentamer, act as a very potent phytoalexin elicitors for suspension-cultured rice cells (Yamada et al. 1993) . These oligosaccharides also induced many other cellular responses, such as changes in membrane potential , ion flux , reactive oxygen generation (Kuchitsu et al. 1995) , biosynthesis of jasmonic acid (Nojiri et al. 1996) and the expression of several defenserelated genes in the rice cells (He et al. 1998 , Minami et al. 1996 , Nishizawa et al. 1999 , Takai et al. 2001 . The induction of defense-related cellular responses by N-acetylchitooligosaccharides was also reported for tobacco, alfalfa, wheat, barley, tomato and melon cells (Baier et al. 1999 , Barber et al. 1989 , Felix et al. 1993 , Roby et al. 1987 .
We previously reported the presence of a high-affinity binding site for N-acetylchitooligosaccharides in the plasma membrane from suspension-cultured rice cells and identified a 75 kDa membrane protein as a candidate for the receptor by affinity labeling (Ito et al. 1997) . The presence of a high-affinity binding site in the microsomal fraction from suspension-cultured tomato cells was also reported, but the binding site preferably bound to shorter chitin oligosaccharides than those for rice cells (Baureithel et al. 1994 ). However, the binding protein itself was not identified.
To further assess the biological function of these binding sites/proteins, we decided to analyze the distribution of this class of binding proteins among various plant species and also the correlation between their presence and the responsiveness to chitin oligosaccharide elicitor. In this paper, we show the detection of similar high-affinity binding sites/proteins for Nacetylchitooligosaccharides in the cell lines from three additional plants (barley, wheat and carrot) as well as the failure of the detection in a cell line of tobacco (BY-2T). We also show the correlation between the presence/absence of the binding proteins and the responsiveness to the elicitor, which strongly indicates the involvement of these proteins in the perception of chitin oligosaccharide elicitor in the corresponding plant cells.
Results

Detection of high-affinity binding site for N-acetylchitooligosaccharide elicitor
Binding experiments with an 125 I-labeled 2-(4-aminophenyl) ethylamino derivative of N-acetylchitooctaose [ 125 I-(GlcNAc) 8 -APEA] showed the presence of a high-affinity binding site for chitin oligosaccharides in the plasma membrane preparation from suspension-cultured barley and carrot cells. Binding of the ligand was saturable in both cases and the Scatchard plot analyses gave a K d value of 30 mM for barley and 28 mM for carrot ( Fig. 1) . These values are comparable to that reported for the binding site in the plasma membrane from suspensioncultured rice cells (K d =29 mM for the tyramine-derivative of (GlcNAc) 8 , Shibuya et al. 1996) . The amount of the binding Fig. 1 Saturability of the binding of 125 I-(GlcNAc) 8 -APEA to the plasma membrane from suspension-cultured barley and carrot cells. Varying amounts of 125 I-(GlcNAc) 8 -APEA were reacted with the plasma membrane preparations (each 10 mg protein) and the amount of the bound ligand was determined from the radioactivity retained on the membrane. The difference between the bound ligand in the presence or the absence of 25 mM unlabeled (GlcNAc) 7 was taken as specific binding. (A) Saturation curve of the binding data, (B) Scatchard plot of the binding data. r, amount of bound ligand; c, concentration of free ligand. site estimated from the Scatchard plot was 7 pmol (mg protein) -1 for barley and 1.5 pmol (mg protein) -1 for carrot, which are smaller than that of the suspension-cultured rice cells (33 pmol mg -1 , Shibuya et al. 1996) . On the contrary, no binding of the labeled ligand to the plasma membrane preparation from tobacco BY-2T suspension-cultured cells was observed.
Binding specificity of these binding sites was analyzed by competitive inhibition of the binding of the labeled ligand with structurally related, unlabeled oligosaccharides. Fig. 2 shows the inhibition curves for N-acetyloligosaccharides with different sizes. For the barley plasma membrane, IC 50 values, the concentration of an oligosaccharides required for 50% inhibi-tion of the labeling with known concentration of an labeled ligand (10 pmol of 125 I-(GlcNAc) 8 -APEA in 300 ml in this experiment), were 8 mM for (GlcNAc) 7 and 200 mM for (GlcNAc) 5 , 10 mM for (GlcNAc) 3 . For the carrot plasma membrane, the IC 50 values were 7 mM for (GlcNAc) 7 and 120 mM for (Glc-NAc) 5 , 10 mM for (GlcNAc) 3 when 125 I-(GlcNAc) 8 -APEA was used as a binding ligand. These results showed that a highaffinity binding site for N-acetyloligosaccharide elicitor in the plasma membrane from barley and carrot has similar preference to larger oligosaccharides, as already observed for rice cells.
Identification of high-affinity binding proteins for N-acetylchitooligosaccharide elicitor in the plasma membrane preparations
Affinity labeling experiments with 125 I-(GlcNAc) 8 -APEA and glutaraldehyde cross-linking revealed the presence of a high-affinity binding protein for this ligand in the plasma membrane preparation both from the barley and carrot cells ( Fig. 3 ). In addition, a similar binding protein was also detected in the plasma membrane preparation from wheat leaves, for which the induction of lignification by N-acetylchitooligosaccharides was reported (Barber et al. 1989 ). The molecular weights of these proteins estimated by SDS-PAGE were 66 kDa for barley, 68 kDa for carrot and 60 kDa for wheat, which were smaller than the previously reported value (75 kDa) for the binding protein of rice. However, no such binding protein was detected in the case of tobacco BY-2T cells.
Fig. 2
Inhibition of the binding of 125 I-(GlcNAc) 8 -APEA by unlabeled oligosaccharides for barley and carrot. Plasma membrane preparation (10 mg protein) and 10 pmol of 125 I-(GlcNAc) 8 -APEA were reacted in the presence of varying amount of unlabeled oligosaccharides. The amount of the bound ligand was determined as described for Fig. 1 . Relative inhibition was calculated as follows. 0% Inhibition, in the absence of unlabeled oligosaccharide; 100% inhibition, in the presence of 25 mM unlabeled (GlcNAc) 8 . Fig. 3 Detection of high-affinity binding proteins for N-acetylchitooligosaccharide elicitor by affinity crosslinking. Plasma membrane (20 mg protein) was reacted with 125 I-(GlcNAc) 8 -APEA in the presence or absence of an excess (25 mM) unlabeled (GlcNAc) 7 as a competitor. Reacted membranes were washed with the buffer using ultracentrifugation and treated with 2.5% glutaraldehyde containing NaCNBH 3 . The membrane proteins were solubilized in SDS-PAGE sample buffer containing 2-mercaptoethanol, heated at 100°C for 5 min, and analyzed by SDS-PAGE using a precast 7.5% polyacrylamide gel (ATTO Corp., Tokyo). The radiolabeled bands were detected using an imaging plate as described in the methods section.
These labeled bands for barley, carrot and wheat were not detected when an excess amount of unlabeled, elicitor-active N-acetylchitoheptaose was added to the reaction mixture prior to the incubation with the labeled ligand, indicating the specific nature of the labeling.
In addition to the major bands with the size of 66 or 75 kDa for barley/carrot or rice, respectively, larger sized bands were also visible ( Fig. 3) . These bands were visible irrespective of the treatment of the samples with reducing agent, excluding the possibility of the cross-linking through disulfide bonds. The estimated size of these bands, 140 kDa for rice, 105 kDa for barley and 115 kDa for carrot, roughly corresponded to the size of the dimer of each binding protein, suggesting possible dimerization of the binding protein in the pres-ence of the ligand, which was then fixed by cross-linking by glutaraldehyde. Such possibility should be evaluated in future studies.
Reactive oxygen generation induced by N-acetylchitioligosaccharides
Reactive oxygen generation induced by N-acetylchitooligosaccharides, analyzed by the luminol-chemiluminescence assay, was used to assess the responsiveness of these plant cells to the oligosaccharide elicitor. Fig. 4 shows the induction of reactive oxygen generation by N-acetylchitooligosaccharides in these plant cells.
Barley and carrot cells, where the binding proteins for Nacetylchitooligosaccharides were detected, responded to the oligosaccharide elicitor and generated reactive oxygen. However, tobacco BY-2T cell line did not respond to the elicitor. Preference to the larger sized N-acetylchitooligosaccharides was also evident for both barley and carrot cells (Fig. 3) . The fact that the carrot cells could also respond to smaller oligosaccharides corresponds to the observation that the binding site of carrot also showed higher relative affinity to (GlcNAc) 5 compared to that of barley. Elicitor-inactive oligosaccharides such as the fragments of chitosan, (GlcNH 2 ) n , or cellooligosaccharides did not induce reactive oxygen generation in barley and carrot cells.
Discussion
The results of the present study revealed the presence of high-affinity binding sites, as well as the corresponding binding proteins for N-acetylchitooligosaccharides in the plasma membrane preparations from suspension-cultured barley and carrot cells. Binding specificity of these binding sites was similar to that of the previously reported one for rice cells , showing the preference to larger N-acetylchitooligosaccharides such as heptamer, although some difference were observed between barley and carrot. The binding specificity of these cells corresponded with the structure-activity relationships of the oligosaccharide elicitor observed for these cells. Specificity of the binding sites for these cells are, on the other hand, significantly different from that of tomato cells, which showed almost the same affinity to N-acetylchitooligosaccharides larger than tetramer. The K d values for the labeled ligand, 125 I-(GlcNAc) 8 -APEA, obtained for the binding sites of barley and carrot were also quite similar to that of rice. The molecular sizes of the binding proteins from both barley and carrot, however, seem to be smaller compared to that of rice. In addition, a similar binding protein was also detected in wheat leaves, which was reported to respond to the elicitor and initiate lignification. Evolutional conservation of these N-acetylchitooligosaccharide binding proteins among various plant species as shown from these experiments might be a good indication of their important biological role.
A correlation between the responsiveness of these plant cells to N-acetylchitooligosaccharide elicitor and the presence of the binding proteins indicated the functional role of these binding proteins in the perception of the elicitor signal. In the case of carrot and barley cells, which responded to the elicitor and generated reactive oxygen species, the binding sites/proteins for the elicitor were detected as similar to the case of suspension-cultured rice cells. In the case of the barley cells, induction of the expression of a single gene for endo-b-1,3glucanase by N-acetylchitooligosaccharides was also reported . In wheat leaves where N-acetylchitooligosaccharide-induced lignification was reported (Barber et al. 1989 ), a similar binding protein was also detected. On the contrary, no binding site/protein was detected in the nonresponsive cells of tobacco BY-2T. The N-acetylchitooligosaccharide binding protein in the plasma membrane of suspensioncultured rice cells was postulated to be the receptor molecule, or a part of that, for this elicitor, because of the coincidence of its binding specificity and the cellular responsiveness to various oligosaccharides. A correlation between the presence of the binding sites/proteins and the responsiveness to the elicitor observed in this study, along with the coincidence of their binding specificity and biological activity of the oligosaccharides, adds further support for the function of these binding proteins in the perception of N-acetylchitooligosaccharide elicitor.
For the responsiveness of tobacco cells to N-acetylchitooligosaccharide elicitor, Baier et al. (1999) reported that a cell Fig. 5 Relationships between the presence of high-affinity binding protein for N-acetylchitooligosaccharide elicitor and elicitor-responsiveness (medium alkalinization) of suspension-cultured cells. (Top) Detection of high-affinity binding protein for N-acetylchitooligosaccharide elicitor in two cell lines of tobacco BY-2̙by affinity crosslinking. Experimental conditions are the same as described for Fig. 3 . (Bottom) Medium alkalinization induced by the elicitor. Analytical methods are described in "Materials and Methods". One mg ml -1 of (GlcNAc) 7 was used as the elicitor. None of the tested plant cells used for this experiment responded to the same concentration of (GlcNH 2 ) 7 . line derived from N. tabacum L. co. Petit Havanna SR1 responded to the elicitor and generated reactive oxygen and also showed medium alkalinization (Baier et al. 1999) . To determine whether such discrepancies came from the differences in the cell lines, we obtained another cell line of N. tabacum L. cv. BY-2 (kindly supplied by Dr. Shoshi Muto of Nagoya University, named as BY-2N, as described in "Materials and Methods") and compared with the cell line (BY-2T) we used in the experiments described in this paper. We found that the N-acetylchitooligosaccharide elicitor binding protein was only detected in the membrane preparation obtained from BY-2N but not for BY-2T (Fig. 5, top) . Concerning to the cellular responses to the elicitor, we could not detect the elicitorinduced reactive oxygen generation in both cell lines. However, for medium alkalinization, BY-2N, as well as carrot and barley cells, showed significant response but BY-2T did not (Fig. 5,  bottom) . Thus, the discrepancy on the responsiveness of tobacco cells to the elicitor resides on the difference in the cell lines used for these experiments. Moreover, the parallel relationship between the presence of the binding protein and the elicitor responsiveness was again evident, at least for medium alkalinization. Different cellular responses against the elicitor between BY-2T and BY-2N could be explained by the absence of functional receptor for the elicitor in BY-2T, which might be mutated during the long-term maintenance of the culture (BY-2T has been maintained for more than 30 years). It is also possible, however, BY-2T may lack other component(s) required for the signal transduction between the receptor and medium alkalinization. Neither cell line showed elicitor-induced reactive oxygen generation suggesting some components required for the reactive oxygen generation are not expressed or mutated in these cell lines.
Recent detection of a similar N-acetylchitooligosaccharide binding protein in the plasma membrane from soybean (Day et al. 2001 ) and also the one from intact rice plant ) coincides with the results reported here and indicate the wide distribution and functionality of this class of binding protein in plants.
In conclusion, this study provides further support for the role of N-acetylchitooligosaccharide binding proteins in the plasma membrane as (a part of) receptor for the elicitor and also indicated the conservation of such recognition machinery among wide variety of plant species.
Material and Methods
Plant cell culture
Suspension-cultured rice cells (Oryza Sativa L. cv. Nipponbare) were maintained using a modified N-6 medium as described previously (Kuchitsu et al. 1993) . Suspension-cultured cells of barley (Hordeum vulgare L.) were kindly supplied by Dr. Takashi Hagio (NIAS) and maintained using a BMS medium (Fromm et al. 1987) . Suspensioncultured cells of carrot (Daucus carota L.cv. kurodagosun) were kindly supplied by Dr. Koji Nomura. (University of Tsukuba) and maintained using a Murashige's minimal organic medium (ICN Biochemicals Inc.) supplemented with 0.1 mg liter -1 2,4-D. Two independent cell lines of tobacco (Nicotiana tabacum L. cv. Bright Yellow-2; BY-2) were kindly supplied by Drs. Yuko Ohashi (NIAS) and Shoshi Muto (Nagoya University), and grown on Murashige's minimal organic medium (ICN Biochemicals Inc.) supplemented with 370 mg liter -1 KH 2 PO 4 , 1 mg liter -1 thiamine-HCl, 0.2 mg liter -1 2,4-D, respectively. These cell lines were named as BY-2T and BY-2N, respectively, to distinguish each cell line.
All cells were incubated at 25°C in the dark with rotary shaking at 120 rpm and subcultured every 7 d.
Preparation of plasma membranes
Isolation of plasma membrane from plant materials by aqueous two-phase partitioning was performed as described previously . Plasma membrane preparations were carried out at 0-4°C. Cultured-cells were harvested 7 d after transfer to fresh medium, washed and suspended in homogenization buffer (50 mM MES-Tris pH 7.6, 1 mM DTT, 5 mM EDTA, 5 mM EGTA, 20 mM NaF, 2.5 mM Na 2 S 2 O 5 , 4 mM SHAM, 2 mM PMSF, 0.3 M Sucrose, and 0.5% BSA). Cells were homogenized with a mortar and pestle, and then with a French Press (Ohtake Works Co. Ltd., Tokyo, Japan) at 500 kg cm -2 .
The homogenate was centrifuged at 1,500´g for 10 min, and the supernatant was centrifuged at 10,000´g for 10 min. The resulting supernatant was centrifuged at 100,000´g for 50 min. The pelleted microsomal membrane preparation was resuspended in the microsome suspend buffer (10 mM sodium phosphate pH 7.8 containing 0.25 M sucrose). The microsomal membrane was further fractionated by aqueous two phase partitioning (Yoshida et al. 1983) with the use of Dextran T-500 (5.4% w/w) and PEG 3350 (5.4% w/w). The upper phase containing the plasma membrane was diluted with the plasma membrane suspend buffer (5 mM HEPES-bistrispropane pH 7.0, 0.1 mM DTT and 0.25 mM sucrose) and centrifuged at 150,000´g for 60 min. Purified plasma membrane preparation was resuspended with the plasma membrane suspend buffer and stored at -80°C .
Protein concentrations of the plasma membrane preparation were determined by the method of Bradford (Bradford 1976) . Vanadatesensitive Mg 2+ ATPase, IDPase, and NADPH-Cyt c reductase were chosen as the marker enzyme for plasma membrane, Golgi and endoplasmic reticulum, respectively, and activities were assayed as described (Kasai and Muto 1990) .
Synthesis of the 125 I-labeled amino derivative of N-acetylchitooctaose 125 I-labeled 2-(4-aminophenyl)ethylamino derivative of N-acetylchitooctaose [ 125 I-(GlcNAc) 8 -APEA] was synthesized and used for binding assay as described previously (Ito et al. 1997) .
Binding assays
The binding of affinity labeling ligands, 125 I-(GlcNAc) 8 -APEA, to the plasma membrane preparation was conducted as described previously . Typically, 0-100 mM of 125 I-(GlcNAc) 8 -APEA were mixed with plasma membrane preparation (10 mg of protein) and adjusted to a total volume of 300 ml with cold 25 mM Tris-HCl (pH 7.0) containing 1 M NaCl, 1 mM MgCl 2 , and 2 mM DTT. For the inhibition analysis, appropriate amount of unlabeled ligand was added to this reaction mixture and incubated for 1 h in an ice cold bath. The reaction mixture was divided into three aliquots (90 ml each). These aliquots were applied to the wells of Multiscreen-GV 96-well filtration plate (0.22 mm, Millipore Corp., Bedford, U.S.A.) and vacuum-filtrated using a Multiscreen filtration plate assembly. After the wells were rinsed twice with 200 ml of cold binding buffer, membrane filters were punched out and the radioactivity of 125 I remaining on the filter was directly analyzed using a gamma counter.
Affinity cross-linking
The plasma membrane allowed to bind with the affinity labeling ligand was subjected to covalent cross-linking reactions as described previously (Ito et al. 1997) . The plasma membrane (20 mg protein) was reacted with affinity cross-linking ligand, 125 I-(GlcNAc) 8 -APEA in an ice bath. After 1 h, the reaction mixture was ultracentrifuged (100,000´g for 30 min) and the supernatant was removed. The plasma membrane was washed twice with PBS and the remaining pellet was resuspended in 200 ml of 2.5% glutaraldehyde solution with 20 ml of 0.1 mg ml -1 NaCNBH 3 . The mixture was allowed to stand for 30 min at 4°C. Then the plasma membrane was washed by ultracentrifugation (100,000´g for 30 min). The pellet was dissolved in SDS-PAGE sample buffer (10 mM Tris-HCl (pH 6.8), 1% SDS, 1% 2-mercaptoethanol), boiled for 5 min at 100°C, and centrifuged (10,000´g for 5 min). The membrane proteins solubilized with the SDS-PAGE sample buffer were loaded onto a pre-cast 8-25% gradient gel and separated using the Multiphor Electrophoresis System (Pharmacia Biotech, Uppsala, Sweden) according to the method of Laemmi (Laemmli 1970) . Another precast 5-20% gel (ATTO Corp., Tokyo) was also used for the analysis. The dried gels or electroblotted PVDF membranes were analyzed by exposing on imaging plates for 1-7 d at room temperature and the plates were analyzed using an imaging analyzer (BAS 2000, Fuji Photo Film Co. Ltd., Japan).
H 2 O 2 detection and quantification
Generation of reactive oxygen species induced by elicitor in the medium of suspension-cultured cells was monitored in terms of chemiluminescense due to the ferricianide-catalyzed oxidation of luminol (5amino-2,3 dihydro-1,4-phthalazinedione) as described by Schwacke and Hager (1992) . Fifty mg of cultured cells were transferred to 1 ml of the fresh media and pre-incubated for 2-6 h at 25°C. Various oligosaccharides (<100 ml) were separately added to the culture medium. After incubation for 15 min, an aliquot of the reaction medium was taken, centrifuged and used for the determination of reactive oxygen species. Briefly, 50 ml of the supernatant, 50 ml of luminol, 100 ml of potassium ferricianide and 300 ml of 50 mM potassium phosphate buffer pH 7.9 were mixed and immediately analyzed for chemiluminescence with TD-20/20 luminometer (Turner Designs, Sunnyvale, CA, U.S.A.). An equal volume of sterile distilled H 2 O was used as a control instead of the sample solution. The amount of reactive oxygen was determined using a standard curve for known concentrations of H 2 O 2 .
Measurement of medium alkalinization
Extracellular pH changes were monitored using a TOA pH meter HM-5S equipped with glass electrode GS-5015C (TOA Electrics Ltd., Tokyo). For monitoring extracellular pH changes, 3 ml of cellsuspension, which usually contained 1.2-1.5 g cells, were mixed with 7 ml of fresh medium in a 20 ml vial, and stirred gently with a magnetic stirrer bar at 25°C for more than 1 h to stabilize the condition of the cells. After pH value became stable around pH 5.5-5.8, elicitor solution (100 ml per vial) was added to the cell suspension and stirred continuously during measurement. The difference between the pH of the medium 5 min after the elicitor addition and the initial pH was taken as DpH and used as an index of the magnitude of alkalinization.
